Reaction of H 2 O 2 with ferric leghemoglobin (metLb, the monomeric, oxygen-carrying, heme protein from root nodules of nitrogen-fixing plants) has been previously shown to generate an iron(IV)-oxo (ferryl) species and at least one protein radical. The latter has been suggested to be a tyrosine-derived phenoxyl radical present at Tyr-133 in the soybean protein and Tyr-138 in the lupin protein. To obtain further information on these protein radicals and their potential interaction with the physiologically important peribacteroid membrane (which surrounds the microsymbiont in vivo), EPR spin trapping studies have been carried out with soybean metLb.
lecular weight 16,000, regulates the O 2 level in the central tissue of these nodules and ensures an adequate supply of O 2 to the microsymbiont partner (1) , through the peribacteroid membrane (PBM), separating the Rhizobium from the host cell cytosol, in vivo. The oxygenated form of Lb (oxyLb) can undergo slow autoxidation to the ferric form (metLb) giving rise to superoxide radicals and hence H 2 O 2 by O 2 . dismutation (2) .
Previous studies have shown that during the reaction of metLb with small excesses of H 2 O 2 , a radical species is generated on the globin moiety (3) . This is believed to arise via an initial two-electron oxidation of the iron(III) ion of the iron protoporphyrin(IX) prosthetic group, by H 2 O 2 , to give a (formally) iron(V) species and a water molecule. The iron(V) species is thought to be best described as an iron(IV)-oxo (ferryl) species together with a porphyrin radical cation. This species has never been observed directly, as it is very short-lived, and is believed to undergo a rapid one-electron transfer reaction with the protein, resulting in the repair of the porphyrin ring and oxidation of the surrounding globin protein to a radical (Reactions 1 and 2). Examination of this reaction system by direct EPR spectroscopy, using a two-stream stopped flow apparatus, has resulted in the detection of a signal from a transient species whose spectral parameters and fine structure (g value 2.0044, hyperfine coupling constants a 2H 0.63, a H 1.19, a H 0.162, a 2H 0.19 mT) are consistent with the identification of this species as a tyrosine-derived phenoxyl radical (3) . Further studies using Lbs derived from lupin as well as soybean, which have only a single common tyrosine residue, but which give virtually identical signals on treatment with H 2 O 2 , suggest that the site of this radical is the common, conserved, tyrosine which is situated at position 133 in soybean and 138 in lupin (4) . Examination of the crystal structure of the lupin protein shows that this tyrosine residue (and particularly the phenolic hydroxyl group) is situated very close to the edge of the heme ring, with one side of the aromatic ring partially exposed on the surface of the protein (5) . In experiments with the analogous myoglobin system, which is believed to undergo similar reactions, it has been shown that the corresponding tyrosine phenoxyl radical does not account for all of the initially generated globin radical species and that the tyrosine residues are only a site (rather than the exclusive sink) for the oxidizing equivalent (6) . Thus, in recombinant myoglobin molecules where site-directed mutagenesis has been used to remove all the tyrosine residues, a globin radical is still observed (6) , although the exact site of this species and the type of residue on which it is present remain unclear (7); there is some evidence that a histidine residue in the heme pocket may be involved (8) . Whether a similar situation holds for the analogous Lbs is unknown.
Exposure of nodule membrane fractions to a metLb/H 2 O 2 mixture is known to induce oxidation of the lipids with the generation of product materials, although how such a process is initiated remains unclear (9, 10) . Previous studies have suggested that this lipid peroxidation process might result from (a) reaction of iron ions released from damaged Lb with excess peroxide and hence generation of free hydroxyl radicals which subsequently oxidize lipid molecules (11), (b) direct reaction of the iron(IV)-oxo (ferryl) species with membrane lipids, or (c) direct reaction of the globin radical(s) with membrane lipids and hence transfer of damage from the protein to the fatty acids (cf. analogous suggestions with regard to oxidation initiated by hemoglobin and myoglobin/peroxide systems) (12) (13) (14) . The first of these options is believed not to occur as loss of the heme absorption bands (and hence presumably degradation of the heme ring) in Lb systems exposed to low excesses of H 2 O 2 does not occur either rapidly or to any major extent (although the formation of a green-colored species believed to be formed by alteration of the heme ring has been detected (15) ). No definitive data are available as to whether, or which of, the latter two processes is/are the initiating reactions.
In order to examine whether there is more than one radical site present in Lb molecules exposed to H 2 O 2 and whether and how such species might initiate peroxidation of the physiologically relevant peribacteroid membrane fraction of symbiosomes, both direct and spin trapping EPR studies, with a range of spin traps, have been carried out.
EXPERIMENTAL PROCEDURES
Purification of Lb and Peribacteroid Membranes-Soybeans (Glycine max) were grown in a glass house, and the Lb was purified from 4-week-old root nodules as described previously (16) . Experiments were carried out with both Lba and Lbc 3 varieties. Met (ferric) Lb and oxyLb were prepared by addition of small excesses of ferricyanide or sodium dithionite, respectively, followed by chromatography on Sephadex G-15 or G-25M columns. The Lb concentration was determined by using a molar extinction coefficient of 1.51 ϫ 10
M
Ϫ1 cm Ϫ1 at 403 nm (17) . Peribacteroid membranes were obtained from purified symbiosome fractions which had been vigorously vortexed for 5 min, as described previously (18) .
EPR Spectroscopy-EPR spectra were recorded at room temperature in standard aqueous flat cells, using either a Bruker ESP300 spectrometer equipped with 100-kHz modulation and a Bruker ER035M field controller, or a Jeol RE1X spectrometer. Hyperfine coupling constants were determined directly from the field scans. For lipid extraction experiments, an equal volume of toluene was added to the reaction mixture containing Lb, H 2 O 2 , and the spin trap. After vortexing for 3 min, the mixture was centrifuged to separate the two phases; both the toluene (upper) and aqueous phases were subsequently examined by EPR spectroscopy, with the former run in standard cylindrical cells. Deoxygenation of the toluene fractions (by bubbling with oxygen-free nitrogen) was found to be necessary to obtain well-resolved spectra from the organic fractions, with only broad ill-resolved signals detected in the presence of O 2 ; this is due to the much higher solubility of oxygen in organic solvents (approximately 1 mM) which gives rise to paramagnetic broadening of the spectral lines.
UV/Visible Spectroscopy and SDS-Polyacrylamide Gel Electrophoresis-UV/visible spectra of reaction mixtures were recorded on a Hitachi 3000 spectrometer. SDS-polyacrylamide gel electrophoresis was performed using 12% polyacrylamide in running gel; after migration, gels were stained with Coomassie Blue.
Chemicals-All chemicals were commercial samples and used as supplied with the exception of 5,5-dimethyl-1-pyrroline N-oxide, which was purified before use by treatment with activated charcoal, and DBNBS, which was synthesized as described previously (19) . All buffers and solutions were made up in high purity deionized water which had been treated with Chelex resin to remove trace metal ions impurities. Solutions of the spin trap MNP were obtained by overnight incubation with vigorous stirring in the dark at 4°C. All concentrations quoted in the text are final concentrations after all components of the reaction mixture had been added.
Molecular Modelling-The position of the heme and Tyr residues in the soybean a leghemoglobin nicotinate complex was investigated using the van der Waals radii sphere option in the structure program Rasmol run on an IBM-compatible PC.
RESULTS

Examination of the Site(s) of Globin Radicals in Lb/H 2 O 2 System
Incubation of 500 M metLb with 1 mM H 2 O 2 in the presence of the spin trap N-t-butyl-␣-phenylnitrone (PBN, 70 mM) at pH 7.4 under normoxic conditions, resulted in the detection, within a few minutes of initiation of the reaction, of a partially anisotropic (i.e. with the spectral lines broadened at the high field end) EPR signal consisting of a number of broad lines. The intensity of this signal (and hence the concentration of the trapped radical) increased with longer incubation times reaching a maximum after 3 h of incubation at 29°C; at longer time points, the intensity of this signal decreased. The detection of this signal was dependent on the presence of all three components of the reaction system. Similar signals were obtained when incubations were carried out in sealed vials with the solutions deoxygenated (by bubbling with oxygen-free nitrogen) before use. The nature and pattern of the spectral lines are consistent with the assignment of this signal to a spin adduct (i.e. a nitroxide radical) formed by addition of (at least one) large, slowly tumbling, protein-derived radical to the spin trap; this is believed to be a globin-derived species (Fig. 1A) .
The nitrogen and hydrogen hyperfine coupling constants of this radical adduct, which should yield valuable information as to the nature of the trapped radical, are difficult to determine accurately due to the broad nature of these lines, but these appear to be approximately a N 1.58, a H 0.42 mT. These parameters unfortunately do not allow a definitive identification of the trapped radical, although the similarity of these values to those previously reported for other PBN adducts (20) , together with the long lifetime of this adduct, are consistent with the assignment of this signal to a trapped carbon-centered radical.
The relatively slow build-up of this signal with increasing FIG. 1. EPR spectra observed on reaction of soybean metLb (500 M) with H 2 O 2 (1 mM) and the spin trap PBN (46 mM) in the absence or presence of peribacteroid membranes (PBMs). A, incubation carried out for 2 h at 29°C in the absence of added membrane fractions; signal assigned to one (or more) large protein-derived radical adducts to the spin trap. B, incubation carried out for 2 h at 29°C in the presence of added membrane fractions (2.95 mg of protein/ ml); signal assigned to one (or more) large protein-derived radical adducts to the spin trap together with an additional species (arrowed features) believed to arise from a radical generated from the membrane fraction. C, as B but spectrum of the organic layer obtained after extraction of the membrane fractions with an equal volume of N 2 -degassed toluene; signal assigned to (at least one) lipid-soluble radical adduct arising from radical induced damage to the membrane fraction. For spectral parameters and possible assignments, see text.
incubation time suggests that redox cycling of the heme protein with excess hydrogen peroxide is occurring, which will result in a continual slow generation of globin-derived radicals and hence a slow accumulation of the spin adduct signal. In order to investigate this possibility, these experiments were repeated, under normoxic conditions, with equimolar ratios of metLb and H 2 O 2 (500 M in each case) and 70 mM PBN. In this case, similar signals were observed at short incubation times (although these were less intense, i.e. the radical concentration was lower), and little or no increase in signal intensity was observed at long reaction times, suggesting that redox cycling is indeed involved in the gradual increase in concentration of the spin adduct observed in the presence of excess peroxide.
The relatively broad nature of the lines observed with this spin trap are thought to arise from the slow molecular motion of the protein-radical adduct to the spin trap. This could arise as a result of either slow tumbling of the protein-spin trap complex as a whole or as a result of local constraints on the movement of the spin adduct induced by the surrounding protein (or indeed a mixture of both of these factors). Previous studies carried out with a number of other proteins suggest that it is the latter which is the more important determinant of the degree of freedom of motion of the adduct (i.e. it is the precise location of the radical on the protein, and hence the site of attachment of the spin trap, which determines the nature of the spectrum observed) (21) . PBN being an amphiphilic spin trap would be expected to have access to most sites on the protein, and hence the signals observed, which do not have highly characteristic hyperfine coupling constants (a major problem with this type of spin trap) and which usually provide critical information as to the nature of the species trapped, do not yield much information as to either the location of the radical on the protein (and particularly whether it is buried or surface-accessible) or its nature (i.e. carbon-versus oxygencentered etc.). In order to investigate both the nature, and site, of the radical(s) on this protein in greater detail, further experiments were carried out with a number of other spin traps.
Inclusion of a second nitrone spin trap POBN (␣-(4-pyridyl-1-oxide)-N-t-butylnitrone) which is charged, and hence might be expected only to have access to (and hence react with) radicals on the protein surface, in place of PBN (at a concentration of 120 mM) resulted in the detection of sharp-lined EPR signals, which have been assigned to at least two radical adduct species, both of which have considerable freedom of motion (Fig. 2) . Identical signals were obtained with sealed incubation vials with the solutions deoxygenated before use. These signals were only observed in the presence of all components of the reaction mixture; only very weak signals (Ͻ15% of the signal intensity) were detected in the absence of any of the reactants (Fig. 2) . The presence of features from at least two spin adducts suggests that there must be multiple radicals formed on the protein, and that these are also surface-accessible. Whether one of these species is due to the trapping of the same radical as was trapped with PBN is not known. In this case, unlike that with PBN, some information can be obtained as to the nature of the radical species trapped, as these POBN adducts have clearly resolved hyperfine couplings (major species: a N 1.492, a H 0.198 mT; minor species: a N 1.493, a H 0.539 mT). These coupling constants are consistent (20) with the assignment of both of these signals to species formed on trapping of carboncentered radicals on the protein.
Identical experiments were also carried out with two additional spin traps, 2-methyl-2-nitrosobutane (MNP) and 3,5-dibromo-4-nitrosobenzenesulfonic acid (DBNBS). These nitroso spin traps, might be expected to yield more information as to the identity of the protein-derived radicals, as the radicals add directly to the nitroso group (rather than to the ␤-carbon end of the carbon-nitrogen double bond as in the nitrones) and therefore there is the possibility of resolvable hyperfine couplings to the atoms of the added radical, rather than those solely from the spin trap (as is observed with PBN and POBN). However, incubation of 500 M metLb with 1 mM H 2 O 2 in the presence of 20 mM MNP in phosphate buffer at pH 7.4 resulted in the detection of a partially anisotropic signal consisting of three relatively broad lines, with no further, resolvable, hyperfine couplings (Fig. 3A) ; the distance between the outermost features of these spectra (2a ) is 3.73 mT. This signal was observed only in the presence of all components of the reaction mixture, but was observed under both normoxic and anoxic conditions. The broadened nature of these spectra, and particularly that of the high field line, is consistent with the trapping of a large, slowly tumbling, protein-derived radical (i.e. a globin radical). The intensity (i.e. concentration) of this signal was found to increase with longer incubation times with the strongest signals observed after a period of 3 h at 29°C, although significant signals were also observed even after quite short incubation periods (20 min). Similar behavior was observed when the heme:peroxide ratio was decreased to 1:1 (i.e. 500 M), although the signals were somewhat less intense at this lower ratio. In order to obtain further information as to the nature of the radicals which are being trapped in this system, experiments were carried out where the spin adducts, once generated, were enzymatically degraded using a nonspecific protease (Pronase E), with the aim of releasing small fragments from the protein (cf. previous studies that have successfully used this technique) (21, 22) . These small fragments, which would hopefully retain the nitroxide group, would then give sharp (isotropic) EPR spectral lines, due to the increased rate of molecular motion, and hence more information as to the identity of the initial radical sites; this proved to be the case. Thus, addition of Pronase E (at the high concentration of 2 mg/ml, in order to release fragments from the protein rapidly before the nitroxide spin adducts decayed) to preformed globin radical adducts, resulted in the rapid loss of the broad features of the initial spectrum and the appearance of features (after an incubation period of Ͼ20 min) from a species with relatively sharp isotropic lines (Fig. 3B) ; this is believed to be due to the presence of low concentrations of released fragments. The major species present in the resulting spectra gives rise to a triplet spectrum with a N 1.53 mT; this is due to the presence of a radical adduct arising from the trapping of a tertiary carbon-centered radical (i.e. ⅐ CR 1 R 2 R 3 ). Somewhat different behavior was observed with the other nitroso spin trap DBNBS. Incubation of metLb with H 2 O 2 (heme:peroxide 1:2) in the presence of DBNBS (33 mM) at pH 7.4, resulted in the detection of strong EPR signals. Unfortunately the majority, but not all, of these signals were also detected in the absence of H 2 O 2 , suggesting that they arise from a chemical reaction between the spin trap and the protein and hence are artifactual; this chemical reaction, which has been characterized in further studies, 2 precluded any further studies using this trap.
Examination of the Reaction of Globin-derived Radicals with Membrane Fractions
Direct Studies-In vivo, Lb is restricted to the central tissue of the nodules and surrounds each symbiosome. During the early stages of nodule senescence, the PBM is one of the first structures to be degraded, and previous studies have implicated species derived from Lb in this process (9, 10) . Thus, the question of the involvement of globin radicals arises. These globin radicals have been shown to be quenched via intra-or intermolecular processes, the latter one giving rise to a dimerization (15) . In this framework, it appeared interesting to check the influence of membrane fractions on this dimerization process. The adjunction of purified PBMs to mixtures of Lb and H 2 O 2 lead to an inhibition of this dimerization process (Fig. 4) , in a dose-dependent manner, strongly suggesting the possibility of an interaction of the globin radical(s) with the PBMs.
Experiments were therefore carried out to examine the possible role of the previously detected tyrosine phenoxyl radicals in transferring damage to membrane fractions and hence the initiation of membrane peroxidation. The tyrosine-derived phenoxyl radicals were generated under normoxic conditions as described previously (3) using a stopped flow system with the metLb and H 2 O 2 present at equimolar concentrations (250 M) and the intensity of the phenoxyl radical signal (which is directly proportional to the absolute radical concentration) monitored in the presence of increasing concentrations of added membrane fractions. Inclusion of the peribacteroid membrane fraction at concentrations above 0.3 mg of protein/ml resulted in a statistically significant (p Ͻ 0.05) decrease in the concentration of the phenoxyl radical suggesting that this radical is being scavenged/removed by a constituent of the membrane fractions (Fig. 5) . Such a process would result in the generation of a radical species in the membrane fraction and may be responsible for the initiation of membrane peroxidation. It should be noted that the PBM concentrations needed to affect significantly the intensity of the phenoxyl radical signal appears to be somewhat lower (0.2-0.3 mg protein/ml) than that observed in the dimerization experiments where significant inhibition started to be observed at concentrations between 0.23 and 1.16 mg of protein/ml. This is not unexpected in the light of the pathways that are believed to give rise to the observed cross-links. Thus, the observed cross-links may arise from either interaction of a phenoxyl radical with a carboncentered species on another protein molecule or between two carbon-centered species on different protein molecules; direct cross-linking between two phenoxyl radicals does not, however, appear to be a major pathway (15) .
Spin Trapping Studies-Further evidence for the transfer of damage between the radical species generated on the globin moiety and the membrane was obtained from investigating both the effects of added (and increasing concentrations of) PBMs on the intensity of the globin-derived radical adduct signals seen with the various spin traps reported in the first section and also the generation of radical adducts from lipid radicals arising from peroxidation of the membrane fractions.
Thus, when PBMs at a concentration of approximately 3 mg of protein/ml were included in the PBN spin trapping system described in the first section with metLb and H 2 O 2 , significant changes were observed in the EPR spectra (Fig. 1B) . Compared to spectra obtained either in the absence of the membranes or in the absence of either metLb or H 2 O 2 , the addition of these fractions resulted in the appearance of further, relatively broad, partially anisotropic, signal(s). The relatively broad nature of these lines is consistent with the presence of additional motionally restricted spin adduct species, which suggests that the initial globin-derived species are reacting with the added membranes to yield membrane-derived radicals which are subsequently trapped by PBN. Similar behavior is observed at longer incubation times, but at these longer time points the possibility of further complicating reactions (e.g. those catalyzed by products of the initial reactions) becomes more likely. In control experiments were the metLb was omitted from the reaction mixture, no significant signals were obtained, suggesting that any metal ions that might be associated with the membrane fractions are incapable of generating the observed species.
In order to obtain further information as to the identity of the radicals which might be being generated in the membrane fractions, these reaction mixtures containing the spin adducts were subsequently extracted with toluene to separate the spin adducts which are water-soluble from those that are lipid soluble. Thus, when toluene was added to these systems and both the organic and aqueous fractions examined by EPR spectroscopy, the signals which were originally observed in the aqueous phase were lost, with signals observed only in the organic phase (Fig. 1C) . The signals observed in the deoxygenated organic (toluene) fraction are isotropic in nature, indicating that these species have considerable freedom of motion. The observed signal, which consists of a sharp triplet of doublets with a N 1.356, a H 0.172 mT, is assigned to a spin adduct derived from a molecule which is soluble only in the organic phase; this is believed to be either a lipid-derived species or a radical arising from the degradation of another organic molecule present within the membrane fraction (e.g. ␣-tocopherol or fragments from highly hydrophobic proteins). The lack of any further resolvable fine structure on these lines precludes any further analysis of what species is giving rise to these signals.
Similar experiments could not be carried out with either the other nitrone spin trap POBN (due to its charged nature which precluded extraction into the organic phase) or the nitroso spin traps MNP, as this nitroso spin trap is known to undergo (nonradical) "ene" addition reactions with lipid molecules. These processes give rise, after oxidation of the initial hydroxylamine product by molecular oxygen or other oxidizing species, to nitroxide radicals (23-25) ; the signals from these species have parameters very similar to spin adducts arising from direct radical trapping reactions, making the analysis of the spectra obtained by use of these traps in lipid-containing systems very problematic.
DISCUSSION
The results obtained in this study suggest that radical species are generated at multiple sites on the surface of the soybean metLb protein moiety on treatment with equimolar, or small excesses, of H 2 O 2 , and that these radicals can initiate peroxidative damage to peribacteroid membranes. Previous studies carried out using direct EPR spectroscopy have identified a transient signal whose hyperfine coupling constants are consistent with its assignment to a tyrosine-derived phenoxyl radical; this has been suggested, on the basis of the observation of a nearly identical signal with lupin metLb, to be generated from the single conserved tyrosine residue in these two proteins (that at position 133 in the soybean protein and position 138 in the lupin form). The formation of such a species is not unexpected due to the proximity of this residue to the edge of the heme ring, and the known ease of one-electron oxidation of this type of residue to a radical cation; subsequent (very rapid) deprotonation of this species gives the phenoxyl radical.
However, despite the fact that this type of residue is the most readily oxidized amino acid (at least in free solution) of those present in Lb, the formation of this radical does not appear to account for 100% of the oxidizing equivalents believed to be transferred into the globin from the oxidized heme center. The detection in this study of a number (at least two, even if the same radicals are being trapped with all the spin traps) of other radical species, as spin adducts suggest that other, less easily oxidized, residues are also damaged during this process; the observed signals are unlikely to arise from the trapping of the phenoxyl radical due to the stability (due to spin delocalization) of this species. The trapping of these radicals with spin traps, which vary quite dramatically in terms of their charge and structure (and in particular with the large, charged, nitrone spin trap POBN), suggests that these radicals are present on the surface of the protein and are accessible to molecules present in the bulk solution. The very exposed situation of the heme group at the surface of the protein may favor this process (Fig.  6) (26) . This hypothesis is supported by the fact that the observed signals are isotropic in nature, suggesting that they have very considerable freedom of motion, a situation which is unlikely to be true if the residue on which the radical is situated is buried deep within the protein structure (21, 22) . The size of the nitrogen hyperfine coupling constant (which is solventdependent due to the varying contributions from the two major canonical structures, one of which is charged and one neutral) is also consistent with both species being present in an aqueous environment (20) . An alternative possibility that the two signals observed arise from a single species present in two different conformations/environments can also be eliminated on the above grounds and the known effects of immobilization (by, for example, binding in a hydrophobic pocket or in the interior of the protein) on the EPR signals of such spin adduct signals (which give broadened/anisotropic spectra due to slow tumbling (21, 22) ).
Although the exact nature of these trapped radicals has not (and cannot) be determined from the hyperfine coupling constants of the adducts, their parameters and stabilities are consistent with these species being carbon-centered radicals formed either on side chains or at the ␣-carbon on the protein backbone. These species show considerable reactivity as evidenced by the fact that they react readily with the spin traps present in these reaction systems and cannot be observed by direct EPR studies, i.e. they have short lifetimes. The lack of further fine structure on the spin trapped fragments released from the damaged protein by Pronase E is consistent with these carbon-centered radicals being (at least in part) tertiary species; this is not entirely unexpected, as such radicals are known to be more stable than primary or secondary species. One possible site for these additional species may be on (one or more of) the tryptophan residues present in Lb, as (oxygenreactive) tertiary radicals centered on tryptophan residues have been detected in metmyoglobin treated with H 2 O 2 (27) . The intensity of the observed signals is consistent with the formation of micromolar concentrations of these spin adducts. Exact quantification of the yield of the initial carbon-centered radicals (as opposed to the spin adducts) is not possible as the rate constants for the trapping of these radicals are not known and cannot be determined. However, the detection of micromolar concentrations of the adducts suggests that the initial radicals must be formed in quite considerable yields if, as would be expected, there are other processes which also remove these species (e.g. dimerization, reaction with oxygen, etc.).
The generation of these novel radical species on the surface of the protein, in addition to the previously detected tyrosinederived phenoxyl radical, may explain the detection of dimers of metLb on treatment with small excesses of H 2 O 2 (15) . Such cross-links have been shown not to involve the formation of dityrosine (15) (as observed with various types of myoglobin (28)), and it is therefore suggested that these may arise from the cross-termination of two reactive radical species present on different protein molecules.
The results obtained by both direct (stopped-flow) EPR and spin trapping when samples of peribacteroid membranes are included in the reaction systems, are consistent with the reaction of (at least some) of these globin-derived radicals with the membrane fractions. These reactions are likely to result in the initiation of lipid peroxidation (as has been observed in other studies where the overall result of the incubation of metLb with PBMs and H 2 O 2 has been investigated) (9, 10) and possibly membrane degradation, if the antioxidant molecules present in the membrane are either overwhelmed or depleted.
This initiation of membrane damage is believed to involve a direct reaction of the globin-derived radicals with membrane components, rather than through the release of free iron ions from oxidatively damaged leghemoglobin molecules (and hence the possible formation of HO ⅐ on reaction of free iron with excess H 2 O 2 ), for a number of reasons. (i) We have demonstrated, in the stopped-flow EPR experiments, a direct interaction between the Lb-derived phenoxyl radical and the PBMs, ii) equimolar, or very low excesses of, H 2 O 2 have been employed to minimize both the extent of oxidative damage to Lb (little or no iron release is observed under these conditions (11) ) and the quantity of unreacted peroxide, and (iii) no evidence has been obtained for the formation of low molecular weight radicals such as HO ⅐ in the spin trapping experiments, even though such radicals are known to react extremely rapidly with these traps. This direct interaction between Lb-derived radicals and the PBMs, and hence the initiation of lipid degradation processes, may be favored by the existence of a high lipid to protein ratio in the PBM (29) . In vivo, the conditions required for the initiation of this process probably exist early in nodule senescence: the pH drop (30) promotes the autoxidation of Lb and the subsequent formation of H 2 O 2 . The concomitant decline of the antioxidant defenses (e.g. glutathione content (31)) can lead to an accumulation of H 2 O 2 in nodule tissues able to induce the formation of Lb radicals. The long term effects of the interaction of these radicals with the PBM may result ultimately in the destruction of this membrane and the loss of the nitrogenfixing activity.
